We use a recently developed coarse-grained model for DNA to study kissing complexes formed by hybridization of complementary hairpin loops. The binding of the loops is topologically constrained because their linking number must remain constant. By studying systems with linking numbers -1, 0 or 1 we show that the average number of interstrand base pairs is larger when the topology is more favourable for the right-handed wrapping of strands around each other. The thermodynamic stability of the kissing complex also decreases when the linking number changes from -1 to 0 to 1. The structures of the kissing complexes typically involve two intermolecular helices that coaxially stack with the hairpin stems at a parallel four-way junction.
I. INTRODUCTION
Not only is DNA the genetic information carrier of life, but, given the degree of control achieved in the chemistry of DNA 1 -molecule synthesis is fast, reliable and relatively cheapthese information-rich building blocks can be exploited to reliably self-assemble two-and three-dimensional structures [2] [3] [4] and to build functional nanodevices. 5 Hairpins probably represent the simplest structure that DNA can form besides the standard double helix. These are secondary structure motifs formed by single-stranded DNA molecules that have complementary regions that selfhybridize. The intramolecular double helix formed from the self-complementary sections is known as stem or neck, while the section that connects two of the stem ends is called a loop.
In contrast to RNA, which for the most part is singlestranded in vivo, so that hairpins are a common structural element, 6 DNA in vivo is mostly in its duplex form. Nevertheless, there are occasions when it is single-stranded, and examples have been identified where DNA hairpins play a biological role, 7 including in replication, transcription and recombination. 8, 9 However, hairpin formation can sometimes be an undesired process, and has been implicated in certain diseases. 10, 11 DNA hairpins also play an important role in DNA nanotechnology [12] [13] [14] [15] [16] [17] [18] and can be used as the "fuel" to provide the energy to power autonomous DNA motors, although they can also be an unwanted secondary structural motif in DNA designed to be unstructured. 19 In this paper we study "kissing" complexes that can form when the loops of two DNA hairpins are complementary and partially hybridize. In particular, we focus on the interplay between topology and the shape and stability of these complexes. For example, when two hairpin loops hybridize, the a) Present address: Department of Chemistry, University of California, Berkeley, California 94720, USA b) Author for correspondence right-handed wrapping of the DNA strands in the intermolecular double helix must be compensated by a region where the loops wrap around each other in the opposite sense. Thus, even when the two loops are fully complementary, topological effects will restrict the number of bonds that can be formed.
Kissing loop interactions are also an important RNA tertiary structure motif 20 and play key biological roles in processes such as the regulatory action of antisense RNAs and the dimerization of viral genomic RNA. 21 They have therefore been much better characterized for RNA, both in terms of their structure [22] [23] [24] and mechanical properties, 25, 26 than for DNA. This structural knowledge has even been exploited in structural RNA nanotechnology, where kissing loop interactions have also been used as a means to join RNA components with a well-defined geometry. [27] [28] [29] Although these RNA systems provide an interesting comparison, the kissing loop interactions typically involve shorter sequences of complementary bases than for the DNA systems we consider here, and so topological effects are less significant. Interestingly, the NMR solution structure of a DNA kissing complex has been obtained for sequences analogous to that of a previously characterized RNA kissing complex. 30 Although there are differences in the details of the two structures, they are generally very similar.
The topological effects associated with kissing loop interactions have been exploited in DNA nanotechnology, particularly to allow the design of autonomous motors. 13, 14, 31, 32 One way of driving a DNA nanodevice through a cycle is through the use of complementary single-stranded DNA strands as "fuel", where the first strand is designed to partially hybridize with the device to induce a conformational change, and the second then reverses this change by displacing it to form a "waste" duplex. The first example of such a device was DNA nanotweezers, where the strands induced the device to open and close. 33 However, one problem with such a device is the two strands have to be added sequentially, since, if both are present at the same time, they will preferentially directly hybridize with each other rather than with the device.
One way to circumvent this problem is through the use of fuel strands that can form hairpins, 13, 14 since the topological restriction on binding between the hairpin loops will effectively prevent the duplexes from being formed, even though the duplexes are more stable. Given that the two strands are complementary, these hairpins naturally form kissing complexes. While the hairpins are unable to open each other's stems by displacement, the motor can be designed to be a catalyst for the hybridization. By having a single-stranded DNA section that both is partially complementary to one of the hairpins and has a free end, the motor can open the hairpin by displacement, unconstrained by topological effects. A second, and similar, solution is to prepare the fuel strands complexed to partially complementary protective strands that bind to either end of the fuels but leave a loop region in the middle unhybridized. 31, 32 A variety of autonomous motors have been designed based on these principles. [15] [16] [17] [18] Here, we investigate the system of fully complementary 40 base DNA hairpins studied by Bois et al. 13 using computer simulations of a nucleotide-level coarse-grained model of DNA. 19, 34 This recently introduced model provides an excellent description of the structural, thermodynamic and mechanical properties of both single-stranded and duplex DNA, and has now made it feasible to study the free energy landscapes of such DNA nanotechnology systems in detail, as previously illustrated for DNA nanotweezers. 19 In particular, we focus on the effects of topology on the free energy landscape for the binding of the hairpin loops, and how the structure of the resulting kissing complex reflects these topological constraints. To further illustrate the role played by the topology, we also consider kissing complex formation in systems of linked hairpins.
II. MODEL AND METHODS

A. Model
We use the coarse-grained DNA model developed by Ouldridge et. al.. 19, 34 In this model, a DNA strand is described as a polymer of nucleotides that interact via excluded volume repulsion and anisotropic attractive potentials that mimic the Watson-Crick base-pairing, stacking, cross stacking and coaxial stacking. The model has been parameterized to reproduce the structural and thermodynamic properties of singlestranded and double-stranded DNA molecules at the high salt concentrations that are typically used in DNA nanotechnology applications. Since this model is described in detail in Ref. 34 we shall repeat here only the fundamental ingredients.
Each nucleotide is represented as a rigid body with three interaction sites, all on the same axis. Although the interaction sites are collinear, we stress that a nucleotide does not possess cylindrical symmetry, since the potential also depends on a vector perpendicular to the nucleotide axis to capture the effects of the orientation of a base on the interactions. The potential energy V can be written as:
The first sum runs over all pairs of nucleotides that are adjacent along a strand (neighbours in our terminology) and the second sum runs over all other pairs. The interaction between neighbours consists of a backbone term that is designed to represent the connectivity of a DNA strand, a stacking term that is designed to mimic stacking interaction between nucleotides, and an excluded volume part that prevents nucleotides from overlapping. The interaction between non-neighbouring pairs consists of four different terms: (i) a hydrogen-bonding term that mimics directional WatsonCrick base-pairing; (ii) a cross-stacking term that accounts for stacking interactions between nucleotides that are second neighbours on different strands; (iii) a coaxial stacking term that is designed to capture stacking interactions between nonneighbouring bases; and (iv) an excluded volume term. The full forms of each of these terms is reported in Ref. 34 , with the exception of the coaxial stacking term, which is described in Ref. 35 . Its parametrization will be described in detail elsewhere. 36 Features of the model that are particularly important for the current study are the relative flexibility of single-stranded DNA and its ability to describe the thermodynamics of hairpin formation accurately, as well as hybridization in general. We are also confident of the general robustness of the model, based on the wide range of DNA systems on which we 19, 34, 35 and others 37 have tested the model. These so far include DNA nanotweezers, 33 "burnt bridges" 38 and twofooted 39 DNA walkers, as well as processes such as DNA displacement, 40 overstretching 41 and cruciform formation 42 and the formation of liquid crystalline phases. 43 However, we should also note that the model does introduce a significant level of coarse graining and neglects several features of the DNA structure and interactions. Firstly, all four nucleotides have the same structure and interaction properties, except for the hydrogen-bonding term, for which interactions are only allowed between Watson-Crick complementary bases. Although this approximation of course precludes the study of much of the sequence dependence of properties and behaviour, it is not a problem when, as here, we are interested in the generic behaviour of a system. Secondly, the double helix in our model is symmetrical rather than having different sizes for the minor and major grooves. Again this is unlikely to be an issue, unless we are interested in the DNA structure at a quite fine level of detail. Finally, the interactions have been fitted for a single, fairly high, salt concentration (namely, 0.5M), where the Debye screening length is short. This is the regime relevant to most DNA nanotechnology experiments. 
B. Simulation Methods
Throughout this work, we use Monte Carlo simulations employing the Virtual Move algorithm (VMMC) introduced by Whitelam and coworkers. 44, 45 The latter is a modification to the standard (Metropolis) Monte Carlo algorithm specifically designed to promote the collective diffusion of highly interacting clusters that would otherwise be suppressed. In our model DNA strands are effectively clusters of interacting nucleotides and that VMMC significantly speeds up sampling, particularly when strand diffusion is important, which is the case when studying hybridization processes.
Because of the presence of large free-energy barriers, we have used umbrella sampling 46 to accurately sample transitions between different states. In practice, this is accomplished by adding an additional term to the system Hamiltonian designed to flatten the free energy profile along a particular reaction coordinate, and then subsequently unbiasing the results. 47 In the present case, the natural choice for the reaction coordinate is the number of base pairs between the two strands. This choice requires a definition of a base pairing, and we define a pair of nucleotides as base paired if the hydrogen bonding interaction term between them is at least 0.093 times the well depth. Of course this choice is somewhat arbitrary, but changing the threshold does not significantly alter the results.
C. DNA Sequences
We have studied the same 40-base nucleotide sequences as in Ref. 13 . The two DNA strands are fully complementary, and so can form a duplex as well as hairpins with a stem of 10 base pairs and a loop of 20 bases. The sequences of the two strands are, in 5 ′ to 3 ′ direction:
gcgttgctgc-attttactcttctcccctcg-gcagcaacgc and gcgttgctgc-cgaggggagaagagtaaaat-gcagcaacgc where the hyphens separate stem and loop regions. All the results we present are at room temperature, taken as T = 296.15 K (23 • C). This compares to a hairpin melting temperature of around 350 K. Hence, at the temperature we consider, the probability of spontaneous hairpin opening is effectively zero in our simulations.
D. DNA Topology
A commonly used property to characterise systems with respect to their topology is the linking number, Lk, a number that describes how two closed curves are linked in threedimensional space. Given the projection of two closed curves onto any plane, a crossing is taken to be positive (negative) if the upper curve can be superimposed onto the lower by a counterclockwise (clockwise) rotation (see Fig. 1(a) ). According to this definition, each crossing in the right-handed helix formed by dsDNA is negative as the strands in the helix are antiparallel. 48 The linking number Lk is then defined as
where the index i runs over the crossings with c i = +1 for a positive crossing and c i = −1 for a negative crossing. In more intuitive terms, Lk is the number of times that each curve wraps around the other. For a detailed discussion of the linking number in the context of nucleic acids we refer the reader to Ref. 49 . Although we are considering a system of two unclosed DNA strands, because the rate of hairpin opening is negligible in our simulations at the temperature we consider, the hairpin loops can be effectively considered as closed loops, and so can exhibit topologically different states ( Fig. 1(b) ). The most experimentally relevant state is that with Lk = 0, as the likelihood that two hairpin loops would interlink during their formation process is very low. Since linking number is conserved, in this state any negative crossings of the two hairpin loops due to hybridization of the complimentary loops must be compensated by positive crossings, i.e. sections where the loops wind round each other in the opposite sense. This topological effect will frustrate the hybridization process.
FIG. 2. Typical structures assumed by (a) a single hairpin and (b)
the topologically unlinked (Lk = 0) kissing complex. Note that in (a) it almost looks as if the stem is longer than 10 base pairs, because the stacking tends to propagate beyond the end of the stem at this temperature. For (b) the chosen structure has 14 interstrand base pairs. To its right is a topological sketch of the configuration illustrating that the zero linking number is achieved by balancing positive and negative crossings. In panels (c)-(e) we show example structures for partially formed complexes with a total of 2, 6 and 10 base pairs formed between the loops, respectively.
III. RESULTS
A. Topologically unlinked complex; Lk = 0 Firstly, we consider two hairpins that are topologically unlinked ( Fig. 1(b)(i) ) and are free to bind through the complementary loop regions. One of the unbound hairpins is illustrated in Fig. 2(a) . The room temperature free energy profile for bonding is reported in Fig. 3 . The jump associated with the • C at a single strand concentration of 0.336 mM (squares). The free energy profile for hybridization of the control system ( Fig. 1(c) ) is also plotted (circles). In the inset, the full profiles are plotted, showing the large (> 30 kBT ) free energy difference between the most stable states of the kissing complex and the control system. The free energy profiles have been taken to have the same value when the number of base pairs is 1, assuming the same value for the association barrier. . Bonding probability as a function of nucleotide position in the loop for different Ntot, the total number of correct base pairs in the kissing complex. Note that the probability is not completely symmetric around the centre of the loop sequence because the propensity to form non-native base pairs depends on which native base pairs are formed.
formation of the first bond is due to the loss of translational entropy associated with hybridization, and is dependent on concentration as well as temperature. Our data were collected with two strands in a volume of 4944 nm 3 , i.e. 0.336 mM.
For the hybridization of a duplex in our model, we have previously shown that, after the barrier for forming the first base pair, there is then a linear decrease in the free energy as the number of base pairs increases (aside from a possible small rise at the end due to the fraying of the ends of the duplex). 34 The behaviour seen for the binding of the two hairpin loops is significantly different from this scenario. After an initial roughly linear decrease (up to about 3-4 base pairs), the line begins to exhibit some positive curvature reaching a minimum at 14 base pairs (roughly one and a half helical turns) before rising steeply. This curvature is a result of the topological constraint that as the two hairpin loops wind around each other to form a duplex the linking number must remain constant, and this constraint is increasingly felt as the number of base pair increases.
To compare the thermodynamics to a system where topological constraints do not play a role we introduce a control system where the hairpin loops have been opened by breaking the backbones between bases 10 and 11 of the first strand and 30 and 31 of the second strand, as shown in Fig. 1(c) . The free-energy profile of the control shows the expected linear decrease in free energy for hybridization in the absence of topological effects. It is also worth noting that this system gains 30k B T more in free energy from hybridization than the hairpins do from forming the kissing complex. This value is roughly the amount of free energy stored in the metastable kissing complex (the most stable state for this system is the full duplex, since the two sequences are fully complementary). In DNA nanotechnology systems where such hairpins are used as fuels, this would be the amount of free energy that is potentially available to do work.
It is also interesting to look at the structure of the kissing complex as hybridization progresses. Fig. 2 shows example structures with different numbers of base pairs, and in Fig. 4 the probability that a given base is bound as a function of its position along the loop is depicted for different numbers of total base pairs. For kissing complexes with a few base pairs there is not a strong thermodynamic preference for binding at a particular position in the loops, hence the distribution in Fig. 4 is roughly uniform. The exceptions are the first and last bases in the loops for which base-pairing is disfavoured, presumably because the more crowded environment that would result makes binding at these positions entropically less favourable.
By contrast, for kissing complexes with the most favourable number of base pairs (N tot = 14), there is a very clear pattern for bonding. The six bases closest to each stem are invariably base-paired, while the four central bases have virtually no probability of binding. Therefore, the structure of the ensemble of configurations with 14 base pairs are all very similar to that in Fig. 4(b) . We should also note that this structure is very different from the typical schematics of kissing complexes that tend to assume a single hybridized region, normally between the central regions of the loops.
The reason for this well defined pattern of bonding becomes clear when we examine the structure in more detail. It is simply the best way to maximise the base pairing whilst satisfying the topological constraints. In particular, the base pairing adjacent to each stem continues the two helices formed by the stems (i.e. there is coaxial stacking) and there is a parallel four-way junction 50 at the coaxial stacking site associated with the exchange of strands between the two helices. Importantly, as the junction is parallel, the strand exchange leads to a crossing with positive sign that helps to counterbalance the negative crossings associated with each region of base pairing between the loops (Fig. 2(a) ). This positive crossing comes with little free energy cost because it does not lead to any loss of base pairing. By contrast, the second positive crossing near to the centre of each hairpin loop is associated with a reversal of the direction of wrapping of the two chains around each other and is responsible for the inability of the two loops to hybridize further without significant free energy cost.
The base pairing probability distributions for kissing complexes with 6 and 10 base pairs in Fig. 4 illustrate how this tendency to base pair at the extremes of the loops becomes more pronounced as the number of base pairs is increased and the system becomes more topologically constrained. However, the ensembles of such structures are still much more diverse than for the fully formed kissing complex. Both the examples in Fig. 2(d) and (e) only have a single hybridized region, with only the latter being adjacent to one of the hairpin stems.
The positive crossings of DNA strands associated with parallel four-way junctions have previously been used to offset the negative crossings associated with hybridization in so-called "paranemic crossover" motifs. 51, 52 In this motif hybridization occurs between bubbles (a series of unpaired bases) in two duplexes leading to parallel four way junctions at either end of the newly hybridized section (rather than at just one end as for the hairpin loops). These junctions can exactly offset half a turn in each of the helices that result, and so can lead to complete hybridization between topologically closed species. These paranemic crossover motifs have been proposed as an alternative to "sticky" single-stranded ends as a means for binding together different molecules in DNA nanotechnology, 51, 53 and have been used in making DNA triangles 54 and octahedra. 55 Such paranemic crossovers have also been shown to form between negatively supercoiled homologous duplexes because their zero linking number helps to alleviate the supercoiling. 56 Interestingly, a very similar structure to that depicted in Fig. 2(b) has been identified for the inhibitory complex between the antisense RNA CopA and its target messenger RNA CopT [57] [58] [59] and has also been suggested for other such complexes. 60 CopA and CopT have small hairpin loops that associate to form an initial kissing complex, which then progresses to form an "extended" kissing complex, where some of the base pairs in the hairpin stems are lost in favour of two intermolecular helices that coaxially stack with the rest of the hairpin stems at a parallel four-way junction like that in Fig. 2(a) . This progression is dependent on the presence of bulges in the hairpin stems 59 that presumably aid the transformation by destabilizing the stems. Intriguingly, the number of base pairs in the two intermolecular helices is thought to be 15 with six bases in each of the loops connecting the ends of these helices, 57, 58 which is extremely similar to the detailed structure of our kissing complexes.
Our results for the topologically unlinked system can be compared to the experimental results of Refs. 13 and 14 on the stability of these DNA kissing complexes. Ref. 13 reported a high yeld (nearly 100%) of kissing complexes at a single strand concentration of 8 µM in a buffer of relatively high salt concentration, while Ref. 14 reported that kissing complexes were not stable for their 21-base loop hairpins but at a significantly lower strand concentration (0.1 µM) and at low salt. The relative probability Φ of the system being in a bound state (one or more interstrand base pairs) compared to an unbound state interstrand base pairs) can be inferred from the data in Fig. 3 . We find Φ ≃ 3100. Assuming high dilution, this ratio can be extrapolated to a different simulation volume v ′ simply by dividing Φ by the ratio v ′ /v, where v is the original simulation volume. The relative probabilities of bound and unbound states can than be related to the bulk yields f ∞ as described in Ref. 61 . Extrapolating our results to the conditions of Ref. 13 we get Φ = 73.7 and a bulk yield f ∞ = 0.89, which is consistent with the experimental result that the kissing complexes were significantly more stable than the unbound state. By contrast, extrapolating our results to the concentration used in Ref. 14 we get Φ = 0.92 and f ∞ = 0.37, indicating that the kissing complexes are less stable than the unbound states, which is again consistent with the experimental findings, especially when we take into account that our model is fitted to a much higher salt concentration than that used in Ref. 14 and thus is expected to give an overestimate for the bulk yield in this case since the electrostatic penalty for bringing two strands close together would be larger at the experimental salt concentration. It should also be pointed out that the sequences we study are quite asymmetrical in GC content, but that our model does not account for sequence-dependent effects. It is thus possible, depending on temperature and salt concentration, that the resulting bonding pattern is actually a single helix between the GC-rich regions of the loops.
B. Topologically favoured complex; Lk = −1
We next consider topologically linked hairpins. Although they are less experimentally relevant than the unlinked case, they nicely further illustrate the effect of topology on hybridization. First we consider hairpins with a linking number of -1 ( Fig. 1(b)(ii) ). In this case the linkage has the same sense as the wrapping in duplex DNA and we thus expect hybridization of the two hairpin loops to be easier than for the unlinked case. The typical structure of the resulting kissing complex and the free energy profile for hybridization are shown in Fig. 5 . There is a much lower entropic cost for initial binding as compared to the topologically unlinked system, because the two strands are already constrained to be close to each other due to the linkage. The free energy profile also exhibits a much closer to linear decrease with the number of base pairs formed than for the unlinked case, and has a minimum at 17 base pairs.
The structure of the resulting kissing complex is quite similar to that for the unlinked case in that it also has a parallel four-way junction at the point where the two stems end. The reason for this structure is again that the junction provides a positive crossing of the strands without any base pairs being lost. The typical structure assumed by the kissing complex is effectively two parallel helices and a small (2-4 base pairs) unbound region where the strands bend back on themselves. The topological sketch in Fig. 5(a) shows how the two positive crossings (at the four-way junction and at the end of the ) free energy profile associated with the formation with the kissing complex, compared to that for the control system in Fig. 1(c) . To aid this comparison, the two free energy profiles were set to have the same value at 1 base pair.
helices) and the linking number of −1 allow the system to have four negative crossings, which is topologically sufficient to form two double helical turns. Thus, that there is still a free energy cost associated with the formation of the last base pairs is due not so much to topological constraints but to geometric constraints arising because the backbones have to bend around to bridge the two helices. One interesting feature of the structure shown in Fig. 5 (a) is that the stems of both hairpins are only nine base pairs in length because the hairpin loops have displaced one base pair from each stem. This then raises the question of whether the four-way junction could migrate further and lead to the opening of both hairpins. We note that there are a number of features hindering the junction diffusion. Firstly, junction migration is easiest when the junction adopts an "open" configuration where there is no stacking across the junction, 50, 62 rather than the parallel stacked configuration typical of the kissing complex. Secondly, the junction migration is resisted by the topology. If the total number of base pairs is to remain constant during migration then the number of base pairs in the duplex regions of the hybridized hairpin loops must increase. However, as the linking number must also remain constant, this also means that the unfavourable left-handed wrapping of the unhybridized sections of the loops must increase. Our simulations corroborate this picture. We observed that the position of the crossover between the end of the two stems is rather stable, although it occasionally did move one or two base pairs down.
C. Topologically disfavoured complex; Lk = +1
Finally, we consider topologically linked hairpins with a linking number of +1 ( Fig. 1(b)(iii) ). In this case, the crossings associated with the linkage are of the opposite sign to that for a duplex, and so hinder base pairing between the loops. The effects of this topological frustration are clear from the free energy profile in Fig. 6 . Now, the most stable kissing complex has only 8 base pairs between the hairpin loops, and is only a few k B T more stable than the unhybridized state. Indeed, it is likely that for a slightly shorter loops the topological frustration would be sufficient to totally inhibit binding.
The effects of topology are underlined by the comparison with the topologically favoured configuration with linking number Lk = −1, for which a further 25k B T drop in free energy is obtained on forming the kissing complex. Visual inspection of the structure in Fig 6(a) indicates a much more distorted structure compared to the previous cases. In this configuration, there is only a single negative crossing (roughly enough for one half turn of the double helix), but three positive crossings associated with the strands wrapping in the wrong sense around each other.
D. Role of the backbone excluded volume
Here, we consider how the results for kissing complexes depend on our parametrization of the excluded volume interaction between backbone sites. We do this firstly because this interaction term will play a key role in determining how easy it is for the DNA chains to wrap around each other in the wrong sense, and hence how many base pairs can be formed between hairpin loops. But, secondly, in our original parametrization of the model many of the properties to which we fitted are relatively insensitive to this interaction, and so it is possible that this parameter does not have its optimal value. For example, in the duplex state, in the high-salt concentration to which our DNA model is fitted, the backbone sites are too far away from each other for their mutual excluded volume to significantly affect duplex properties. Other properties such as the single-stranded persistence length played a greater role in its parametrization. The shape of the interaction between backbone sites, modelled as a soft repulsion, is also a significant approximation especially when two strands are close together.
We have therefore repeated the calculation of the free energy profile for the complex with Lk = 0, but where we have changed the amount of repulsion between backbones by increasing the effective radius σ bb of the coarse-grained backbone site by up to 30%. As shown in Fig. 7 , as the repulsion is increased, the average number of base pairs in the loop is diminished, and the free energy gain for association is significantly lowered. Of course, this change induces a large change the yield of kissing complexes at this temperature. Since our model's predictions for yields using the original value of σ bb are reasonably in line with the experimental studies reported in Refs. 13 and 14, the original parameterization appears to be robust. Moreover, that the detailed pattern of base pairing is consistent with known structures for RNA kissing complexes [22] [23] [24] further corroborates this conclusion. We also note that at the largest value studied for the range of the repulsion the typical structure of the complex has a single intermolecular helix. Since one could regard the increase in the range of the repulsion as a very crude way to extrapolate the predictions of the model to a lower salt concentration than the one at which it was parameterized, it is possible that under those conditions binding between the hairpins' loops involves a single intermolecular helix between the GC-rich regions.
IV. CONCLUSIONS
Our simulations of the systems of kissing hairpins considered experimentally by Bois et al. 13 using a recently introduced coarse-grained DNA model clearly illustrate the effects of topology (due to the constraint that the linking number must remain constant) on the free energy landscape for the formation of a kissing complex. For the unlinked case, this topological frustrations leads to 30% of the bases being unpaired, and the binding free energy of the kissing complex is significantly smaller than for a fully formed duplex with equal strand length (it is equivalent to the binding of a duplex with about 7 or 8 bases). The free energy landscapes of the linked hairpins dramatically illustrate how manipulation of the linking number can increase or decrease this topological frustration. Compared to the unlinked system, the number of base pairs in the most stable kissing complex increases by 3 in the topologically more favourable case (L k = −1) , but decreases by 6 in the topologically less favourable case (Lk = 1). Even though the two sequences are fully complementary, the topological frustration also prevents the stems being opened by a displacement reaction involving the propagation of the intermolecular helices formed between the loops. It is this inhibition of duplex hybridization that underlies the use of hairpins as fuel for autonomous DNA nanodevices.
The structure of the kissing complex is also of particular interest, as this information is not straightforward to extract experimentally. We found that the kissing complex has a somewhat unusual structure. In particular, rather than having a single hybridized region between the loops, as might have been anticipated, the kissing complex involves two intermolecular helices that coaxially stack with the hairpin stems, and involves a parallel four-way junction. This structure is favoured because there is a positive crossing of the strands at the junction that helps to offset the negative crossings associated with hybridization, but without any loss of base pairing. By contrast, the positive crossing nearer the centre of the loops is associated with unhybridized bases. For similar topological reasons, parallel four-way junctions have also been observed for paranemic motifs in which bulges in two separate duplexes cross hybridize. Furthermore, a structure very similar to that reported here has also been identified for an "extended" kissing complex between messenger and antisense RNA that also involves parallel helices and a four-way junction. [57] [58] [59] As with any study with a coarse-grained model, one needs to consider how robust the results are and whether they might reflect any weaknesses of the model. We explicitly checked this for the repulsion between backbone sites in Section III D and found that although the results could change significantly when varying this parameter, our current value appears to be physically most reasonable. In particular, the thermodynamics in our model is consistent with the experimental stability of kissing complexes for 20-base hairpin loops in Refs. 13 and 14 (after taking into account differences in DNA and salt concentration). Furthermore, that similar structures are seen for systems with similar topological constraints suggests that our findings are physically robust.
One of the approximations in the model that we should particularly consider is the "average base" approximation, namely that that the bases in our model have identical interaction properties, except that hydrogen bonding can only occur between Watson-Crick base pairs. Although the G-C content of the hairpin loops is close to half, 7 of those G-C base pairs occur in one half of the loop. The consequences of this specific sequence might be to make the kissing complex asymmetrical with a longer intermolecular helix associated with the G-C rich half, or even to lead to the total loss of the second more weakly bound helical section. In this regard, it is interesting to note that the catalyst strand used by Bois et. al. to open the kissing complex binds to that half of one of the hairpins that is more weakly bound in the kissing complex 13 . Although different topological states are only strictly welldefined for closed-loop molecules, as we have shown here, topological effects can be significant for linear DNA due to long-lived secondary structure that leads to the formation of internal loops. These topological constraints can inhibit hybridization and prevent the system reaching the lowest freeenergy state. DNA nanotechnology takes advantage of these effects when using DNA hairpins as fuel for autonomous motors, but they could also potentially be an obstacle to the successful self-assembly of DNA nanostructures. For example if a strand hybridizes at its two ends to parts of a second long strand, an internal loop results that will be potentially restricted in its binding by topological effects, unless one of the already hybridized ends unbinds, either due to melting or displacement. Therefore, the longer the strands involved in a structure, the more likely that topological constraints will have a significant effect on the ability of the system to self assemble. This argument suggest that for DNA origamis, 63 the shortness of the staple strands (typically having two or three binding domains) probably has the effect of reducing the potential for topological effects to hinder self-assembly. Furthermore, the excess of staple strands means that a topologicallyconstrained bound strand can be displaced by one of the equivalent staple strands from the reservoir in solution.
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